Abstract: Cation ordering brings down the crystal symmetry and introduces distortion into the coordination polyhedra around the divalent cations. In particular, edge sharing of the differently sized [M(OH) 6 ] polyhedra causes a non-uniform distension of the array of hydroxy ions. The question arises as to whether this distortion has its origin in the Jahn-Teller distortion of metal coordination or a 2D "Peierls"-type distortion of the array of hydroxy ions. To address this question, DFT calculations were performed on the sulfate-intercalated [Cu-Cr],
Introduction
Layered double hydroxides (LDHs) are widely used for a variety of applications, such as flame retardants, antacids, fillers for polymer composites, drug delivery, stabilizing agents in PVC, [1] and in optical devices. [2] They exhibit surface basicity, whereby they are used as solid-base catalysts for a wide range of basecatalyzed reactions. [3] They are also used for environmental amelioration on account of their excellent affinity and anionuptake properties for chromates, [4] arsenates, [5] fluorides, [6] bromides, [7] and phosphates. [8] Given these applications, there is a crucial need to understand the electronic structure that underlies many of their unique properties.
The first step to understanding the electronic structure of a solid is knowledge of its crystal structure. The LDHs are obtained by isomorphous substitution of divalent ions by trivalent ions within a brucite-like structure of divalent hydroxides M(OH) 2 . This results in a positively charged metal hydroxide layer of the composition [M 1-x 2+ M′ x 3+ (OH) 2 ] x+ . The value of x varies in the range 0.2 ≤ x ≤ 0.33. The positive charge is compensated by the intercalation of anions in the interlayer. Since the LDHs are obtained from aqueous media, water molecules are also included in the interlayer gallery. The resulting compounds have the general formula [M 1-x 2+ M′ x 3+ (OH) 2 ](A n-) x/n ·yH 2 O (A n-= anion). [9] For the value of x = 0.33, the LDH composition is [M 4 M′ 2 (OH) 12 ](SO 4 )·nH 2 O (n = 6.2-11.5 in this work). We abbreviate this by the symbol [M-M′].
[Zn-Cr], and [Zn-Al] layered double hydroxides (LDHs). An analysis of the density of states shows that the distortion of the Cu 2+ coordination polyhedron is due to the Jahn-Teller effect, whereas the Zn 2+ coordination polyhedron in [Zn-Al] LDH likely suffers a "Peierls"-type distortion. In the [Zn-Cr] LDH, electronicstructure calculations do not predict any distortion in the metal coordination, which is in agreement with experimental results that show only a slight departure from ideal symmetry.
There is a general understanding that the position of the trivalent M′ 3+ cation is disordered with respect to the divalent M 2+ cation in the metal hydroxide layer. This implies that the M 2+ and M′ 3+ cations occupy all of the six-coordinate sites within the metal hydroxide layer statistically. The layer can be treated as a (pseudo) single-cation hydroxide. Indeed, the a parameter of the LDHs matches that of the single-cation hydroxide, Mg(OH) 2 (a o ≈ 3.10 Å), subject to a Vegard's law correction. In the recent past, there have been definitive reviews of the structures of the synthetic [10, 11] and mineral LDHs [12] supporting the cation-disordered structure model. Earlier DFT calculations have been performed on large supercells that were constructed to mimic the cation-disordered structure. [13, 14] The validity of the cation-disordered structure model critically depends on the degree of substitution of the divalent ion, x. For the limiting upper value of x = 0.33, Pauling's cation avoidance rule [15] precludes cation disorder and predicts a cation-ordered structure, in which the trivalent ion M′ 3+ is in an ordered arrangement relative to the divalent ions. The resulting supercell dimension is a = √3 × a o (ca. 5.35 Å). For lower values of x, both cation-ordered, as well as cation-disordered, structure models are envisaged. [16] For instance, for x = 0.25, which corresponds to the composition of a preponderance of mineral LDHs, cation ordering predicts a supercell with a = 2 × a o (ca. 6.22 Å). At the same time, cation-disordered structures are also envisaged without violation of Pauling's cation avoidance rule.
Experimental work aimed at the precipitation of cationordered structures has primarily focused on LDHs with the composition of x = 0.33. [17] Evidence for cation ordering manifests itself in the form of weak supercell reflections, corresponding to the 100 and 101 planes of the enlarged unit cell in powder X-ray diffraction patterns. These structures have been refined within the space group P3 (a ≈ 5.35 Å, c ≈ 11.5 Å). They are the [Zn-Al], [18] [Cu-Cr], [17] and the [Zn-Cr] [19] LDHs. All of these LDHs have SO 4 2-ions in the interlayer. It is likely that the SO 4 2- ions assist the ordered stacking of the metal hydroxide layers. [20, 21] From the value of the c parameters, it is evident that all of these three LDHs crystallize in the structure of a one-layer polytype of hexagonal symmetry (1H). The following consequences of cation ordering are noted:
(i) The ideal crystal symmetry R3m of the (pseudo) singlecation structure is reduced to P3.
(ii) The 2D array of the hydroxy ions is non-uniformly distended, leading to the loss of hexagonal symmetry.
( ) is preserved as D 3d , which is expected for the single-cation structure. [17] Cation ordering lowers the symmetry at all levels of the structural hierarchy compared with the (pseudo) single-cation structure. This paper examines the electronic structure of the cation-ordered LDH. [17] [Cu-Cr], [16] [Zn-Cr]. [18] Figure 
Results and Discussion

Computation of the Structure by Energy Minimization
All of the three LDHs crystallize in hexagonal symmetry (space group P3; a obs = 5.35-5.41 Å, c obs = 11.05-11.15 Å; obs: observed). [17] [18] [19] These structures were used as input for the SIESTA program. The experimental structures were obtained from X-ray diffraction data and do not include proton positions. The protons were added on the basis of the O-H bond lengths. The O-H bonds of the intercalated water molecules were oriented in the direction of the sulfate ions, maintaining a suitable antibump distance. The protons belonging to the hydroxy groups of the metal hydroxide layer were oriented perpendicular to the metal hydroxide layer.
Energy minimization was carried out without imposition of any symmetry constraints. The computed cell parameters (Table 1) show that in all of the LDHs, the cell angles depart from the ideal values (α = = 90°; γ = 120°) by < 3 %. The computed cell edges a comp and b comp (comp: computed) differ from one another by < 3 % in the Zn-containing LDHs. The larger variation seen in the [Cu-Cr] LDH (ca. 6 %) is also within the acceptable range. The computed structure is therefore approximately hexagonal. A comparison of the computed with the observed structures offers a good visual match ( Figure 1 , Figures S1-S2).
The observed structure has a single M′ 6 ] polyhedra have C 3 symmetry when M = Cu 2+ , [22] and D 3 symmetry when M = Zn 2+ . [23] In the computed structures, the coordination symmetry of the [Cu(OH) 6 ] polyhedron varies from C s to C 2 and that of the [Zn(OH) 6 ] polyhedron is D 3 and C 2 . The lowering of the coordination symmetry of the divalent ions from the ideal D 3d is especially puzzling in crystals of high symmetry, and it forms the subject matter of this paper. Reduction in the coordination symmetry eliminates the degeneracy of local MOs, leading to a variation in the density of states (DOS). To the extent that our computation predicts this lowering of symmetry, it should also reveal the underlying electronic factors that cause the distortion. 
Band Gap
The band gap is a reflection of the thermodynamic stability of the LDH. (Table S4) . Therefore, the band structures in Figure 2 are used in further discussions. 
Density of States
Electronic-Structure Basis for the Distortion of the [M(OH) 6 ] (M = Cu
2+
, Zn
2+ ) Polyhedron
One of the significant structural features that distinguishes a cation-ordered structure is the reduction in the symmetry of the [M(OH) 6 ] polyhedron. In a (pseudo) single-cation structure model, which describes a cation-disordered structure, the idealized coordination symmetry around the metal ions is D 3d . [17] We ask the question: What are the possible factors underlying the observed distortion? Three distortion models can be envisaged, each of which has a distinctive signature on the electronic structure of the LDH.
(i) Jahn-Teller Effect: Jahn-Teller distortion of the metalligand polyhedron occurs when there is a degenerate ground state; it is well known for d 4 (iii) Packing Considerations: The divalent and trivalent ions differ considerably in their radii. The LDH structure is highly flexible, and ions with widely different radii, including those exceeding the traditional tolerance limits imposed by the Hume-Rothery criteria, coprecipitate as single-phase LDHs. In such an eventuality, packing considerations, induced by the choice of the space group of the structure model used for refinement, can generate an apparent loss in metal-coordination symmetry.
We examine which of these distortion models apply to the title LDHs, by examining their total and partial density of states.
[Zn-Al] LDH
The conduction-band DOS is much smaller than that of the valence band. The major contribution to the CB is from Zn (4s) (Figure 3) , which is unsurprising, as electrons from Zn(4s) are expected to be transferred to O(2p) levels due to bonding within the metal hydroxide layer. The CB also has a significant contribution from the O(2p) levels of the OH -species, showing that this electron transfer is inadequate to generate fully filled OH --O(2p) levels, suggesting considerable covalency in the bonding within the metal hydroxide layer. The holes residing on the OH --O(2p) levels are therefore due to the covalency of the Zn-O bonds within the metal hydroxide layers.
The absence of any Zn(3d) contribution to either the VB or the CB rules out the role of Jahn-Teller-like effects in the distortion of the [Zn(OH) 6 ] polyhedron. The significant contribution of the OH --O(2p) levels in both the VB and the CB is supportive of a 2D Peierls-type distortion effect. 
[Cu-Cr] LDH
The DOS at the bottom of the CB has a major contribution from Cu(3d) and, as expected, a contribution from Cr(3d) as well. The top of the VB is dominated by Cu(3d) (Figure 4) . Notably, there is a near absence of any OH --O(2p) contribution to both the VB and the CB. The significant contribution of the Cu(3d) levels to both the VB and the CB indicates the Jahn-Teller effect is the underlying reason for the distortion of the [Cu(OH) 6 ] polyhedron.
[Zn-Cr] LDH
The bottom of the CB and the top of the VB have major contributions from Cr(3d) (a non-Jahn-Teller ion) and an absence of The intercalated SO 4 2-ions have no role in mediating the distortion of the metal coordination. Their role is to balance the positive charge of the metal hydroxide layer. The intercalated water molecules form a strong hydrogen-bonded network in the interlayer gallery to facilitate the charge distribution, which is otherwise centered at the trivalent cations.
Conclusion
The proposal of a cation-ordered structure model for LDHs is based on sound crystal chemical considerations, as envisaged by Pauling's cation avoidance rule. This model predicted a low coordination symmetry for the divalent cations, although the crystal symmetry itself is hexagonal. The structure model raised the important question: Is the lowering of the coordination symmetry an artifact of the space group employed for structure refinement, or are there more fundamental electronic factors that contribute to the lowering of the total energy of the crystal? This paper shows that the origin of the distortion in the coordination symmetry of the Cu 2+ ion is Jahn-Teller distortion, but the distortion observed in the coordination symmetry of Zn 2+ in the [Zn-Al] LDH has a 2D Peierls-type origin. The [Zn-Cr] LDH structure is probably driven by the choice of the space group and is purely an artifact of the packing together of cations of different ionic radii.
Computational Section
The models for the calculations were generated on the basis of the reported crystal structures for [Zn-Al], [Cu-Cr] , and [Zn-Cr] LDHs. [17, 18] The cell size (2√3 × 2√3) R30°was chosen with proper three-dimensional periodic boundary conditions for the calculation. The interlayer sulfates were modeled on the basis of layer charges reported experimentally, while the water molecules were modeled on the basis of TGA results. The three models, thus generated, were optimized using DFT methods, as implemented in the SIESTA package, [24] which consists of localized molecular-orbital basis sets. All atoms are represented with the Troullier-Martins norm, conserving pseudopotentials in the Kleinman-Bylander form, together with the gradient-corrected Perdew, Burke, and Ernzerhof (PBE) exchange correlation functional. [25] A double-z basis (DZP) [26] set with polarization orbitals was included for all atoms, together with a real-space mesh cut-off of 300 Ry. The Grimme-D2 dispersion correction [27] was included to describe long-range interactions. All models were geometry-optimized without imposing any symmetry constraints, and the interatomic force was relaxed up to 0.01 eV Å -1 . The atomic coordinates were adjusted without any symmetry constraints, with convergence criteria of 0.05 eV for energy and 0.05 Å for displacement. The Cartesian coordinates of all of the atoms in the optimized structures are reported in Table S5 . The sampling of the Brillouin zone was done with 3 × 3 × 50 k-point grids. Bands, the density of states, and the projected density of states were calculated at the same k-point grid in hexagonal symmetry. Further, the optimized structures were validated as minima by computing the vibrational frequencies on the basis of phonon calculations at the γ-point, using the SIESTA package, by central finite differencing of the analytical first derivatives, with a displacement of 0.04 Bohr (Table S6 ).
In each case, the optimized geometry was used to calculate the electronic properties using the PWSCF (plane-wave self-consistent field) code within the generalized gradient approximation (GGA) and Perdew-Burke-Ernzerhof (PBE) functional, as implemented in the QUANTUM ESPRESSO Package. [28] The plane-wave basis set of 0.01 Ryd, with Marzari-Vanderbilt smearing, was used to describe valence electrons with a kinetic energy cutoff up to 24 Ryd (convergence tests with 28 Ryd). Ionic cores are described by the ultrasoft pseudopotential. [29] The k-point mesh and cell size are also maintained at the plane-wave basis set. The following convergence criteria were used for structure optimization and energy calculations: difference of the total energies of last two consecutive steps was less than 10 -6 Ryd, and the total force was less than 0.002 Ryd Bohr -1 . The following Hubbard U eff potentials of (i) 12 eV for the 3d orbitals of Cu 2+ , Zn 2+ , and Cr 3+ , (ii) 6.5 eV for the 2p orbitals of oxygen, and (iii) 8.5 eV for the 3p orbitals of Al 3+ were used for the calculation in order to obtain appropriate band gaps. These U eff values were based on linear-response theory [30, 31] and have been successfully used in earlier computations of LDH systems. [14] The coordination symmetry of the metal ions was computed using the SYMGROUP program. [32] The Cartesian coordinates of the six closest hydroxy O-atoms around each of the metal ions were used as input for the SYMGROUP program. A score was generated for each of the possible symmetry elements, such as C n (n = 1-6), mir-ror plane (r), and inversion point (i). A score = 0 suggested exactness of the symmetry. A score higher than zero showed departure from ideal symmetry. In all of the computations reported in this paper, owing to the numerical difference in the atomic positions, none of the computed scores were zero. However, many symmetry elements had scores which were nonzero, but very low, typically 10 -2 -10 -3 . These symmetry elements were accepted, and the approximate coordination symmetry was deduced. The cell used for the computation of the electronic structure was comprised of eight M 2+ ions and four M′ 3+ ions. In the observed structure, all of the divalent ions had the same coordination. The computed structure was obtained without the application of any symmetry restraints. Consequently, each of the twelve cations within the supercell had a slightly different coordination, defined by unequal bond lengths and bond angles. To compute the coordination symmetry, four divalent and two trivalent cations were chosen randomly in each LDH to evaluate the range of coordination symmetries adopted. 
